Introduction
Food preferences today are mostly directed towards the choice of natural ingredients (Rozin et al., 2004) . The value-added of a formulated food is tightly linked to its lower level of synthetic ingredients. Some synthetic ingredients are being banned or have their levels considerably reduced in formulated foods. Proteins in food systems, in addition to their nutritive value can achieve different roles in the sensory and organoleptic properties of processed foods. They can act as natural foaming, emulsifying, color, texture agents etc. Historically, proteins from animal sources such as those from milk, meat and eggs have being used for many applications including cheese, ice cream, dairy products, meat products etc. The use of proteins from other sources like plants, algae, microorganisms, insects, microalgae etc implies that investigations to understand their functions within food systems is obvious. This will help to know the foundation of their behavior at the molecular level.
Microalgae such as Spirulina (Arthrospira) platensis present good sources of protein (55.8-77%) with a high production potential (Barka and Blecker, 2016) . The soluble fractions of its proteins are of different colors including the green and blue fractions (Chronakis, 2001 ).
To tackle the major constraints limiting the use of any protein from new sources, its behavior within food systems must be investigated. Fundamental physicochemical properties governing protein functionalities must be evaluated to simulate their real behavior in food systems despite the complexity of the later. Studies in this area are seriously lacking, especially as far as Spirulina soluble proteins are concerned. Few studies including those of Nirmala et al (1992) [8] [9] [10] 2017 were carried out. More recent studies include those of Benelhadj et al (2016); Bashir et al (2016) and Mahajan et al (2016) are so far available in the literature. To the best of our knowledge there is no study on the performances of spirulina colored soluble proteins at liquid-liquid interface.
The aim of the present study is to evaluate the behavior of spirulina colored soluble protein fractions at water/n-dodecane (non-polar liquid) interface using a drop volume tensiometer and an automated drop tensiometer.
Materials and Methods

Materials
Food grade Spirulina powder (2.5kg) was purchased here in Belgium (Laboratoires BIORES Liège Belgium) and kept under freezing temperature and only part of it is sampled and kept in fridge for the daily experiments. The liquid phase immiscible with water used under this study was n-dodecane 99+% from Alfa Aesar Industries (USA).
Extraction and fractionation procedure
Spirulina powder was suspended in an alkaline aqueous solution (pH10) and centrifuged to remove pellets. The latter was suspended again and centrifuged at 9050g for 30 minutes at 25°C. The supernatants from the two centrifugation steps were collected and their pH values were adjusted to 3.5 for the total fraction (TSSP) extraction or 4.5 for the Green fraction (GSSP) precipitation. The pH of the supernatant from the separation of the green fraction was again adjusted to 3.5 and the blue fraction (BSSP) was precipitated by centrifugation under the same conditions as above.
Fractions pellets obtained were suspended again, their pH adjusted to 7, and dialysed for 48 hours at 4°C. Dialysed fractions were freeze dried and defatted with n-hexane at 4°C. Dry Spirulina protein fractions were obtained and kept in fridge at 4°C awaiting analysis.
Sample preparation
Colored proteins powder was dissolved in milli Q water and stirred for one hour with a magnetic stirrer (400tr/min) at ambient temperature. The pH values of the solutions were adjusted to 3, or 5 using HCl 0.1M and NaOH 0.1M solutions.
Interfacial adsorption kinetics (TVT1)
Measurements were carried out using a dynamic method at 25°C±0.1°C via a tensiometer TVT1 (Lauda, Königshofen Germany). A 2.5mL seringe and a capillary of 1.390 mm radius were used. Drop formation time was 0.07 to 2.5s/µL. Six drops were formed and values for surface tension and time of drop formation were the mean values of two measurements. Drops of the proteins fraction solutions were formed via the capillary immersed into the n-dodecane in a cuvette.
Viscoelastic properties of spirulina colored protein fractions (Tracker)
The viscoelastic interfacial properties of fractions solutions were determined using an automated drop tensiometer Tracker (L.T. Concept Instrument, Longessaignes, France). Measurements were carried out on oscillatory interfacial tension by periodical compression -expansion of the drop volume. The drop was formed via a syringe with its capillary immersed in the n-dodecane in a cuvette. Preliminary trials allowed us to fix the volume of the drop to 5µL and a 20% deformation of the drop and a frequency of 100 mHz. Measurements were carried out at 25°C±0.1°C.
Results and Discussions
Interfacial adsorption kinetics (TVT1)
Effect of concentration
N-dodecane was used as the non-polar liquid to simulate interfaces usually found in emulsions. It is preferred to vegetable oils because it is devoid of other surface active molecules such as mono or diglycerides that may affect the results of the protein performances. Interfacial tension measurements were carried by expelling a drop of the protein suspension via a capillary immersed in the n-dodecane filled in the cuvette of the TVT. The amphiphilic protein molecules migrate towards the interface once the drop is formed thereby causing the decay of the surface tension. The drop detaches from the capillary and falls to the bottom of the cuvette when the interfacial pressure is not strong enough to support the weight of the drop. The rate of proteins adsorption at interface is directly related to the rate of interfacial tension reduction and this allow for the evaluation of the overall interfacial adsorption kinetics.The interfacial tension reduction is expressed as a function of time (ϒ = f(t)). This is a measurable expression of the progressive diffusion and adsorption of protein to the interface orienting their hydrophobic tail towards the non-polar liquid and the hydrophilic head towards the aqueous drop. Some authors sectioned protein adsorption to interface into three steps including diffusion, adsorption and rearrangement (Dagorn, 1986; Damodaran, 1994) . This stepwise fractionation of the adsorption process depends on the size and the molecular structure of the protein. Figure 1 shows the adsorption kinetics of three spirulina protein fractions (TSSP, BSSP, GSSP) at different concentrations (0.5%; 0.3%; 0.1% (w/w)). This is concretely presented by the measure of the interfacial tension as a function of time (ϒ = f (t)). It clearly appear on the Figure 1 (A, B, and C) that the interfacial tension reduces with the age of the drop. As we stated early, for the protein molecules to adsorb to interface and reduce the interfacial tension it should undergo some steps that may take a laps of time depends on its distance to the interface, on the various forces due to its environment and on its molecular structure. This shows that the time taken by every individual protein molecule to arrive at interface and contribute to interfacial tension decay by adsorption is special. This explains the progressive decay of the surface tension with a relatively low slope. The pattern of the curves (A, B, and C) is the same and the decay is greater for the higher protein concentration (0.5%) followed by 0.3% and then 0.1% (w/w) concentrations. The slopes of the curves are greater at the beginning and reduce towards the end of the measurement. This can be explained by the fact that adsorption becomes more difficult when the interface is saturated and at this level the molecular rearrangement also contributes to the surface tension decay. This results corroborate with those reported on plant (Dagorn, 1986) and animal proteins (Blecker, 1988; Karamoko, 2014) The adsorption kinetics comparison of the three fraction at 0.3% (w/w) concentration is presented in the Figure1D No significant difference is observed among the three tested Spirulina protein fractions. Despite their color difference, the extraction method used does not give pure fractions containing exclusively one type of protein. Also the differences in color of spirulina protein fractions are the nature of the pigment phycocyanobilin linked to the protein fragment. The pigment may not necessarily significantly influence the adsorption process of the pigment-protein complex (phycobiliprotein).
Effect of pH
The effect of pH on Spirulina colored protein fractions adsorption kinetics at water/n-dodecane interface is presented in Figure 3 . Suspensions (0.3% (w/w)) were prepared from the three Spirulina protein fractions and tested at three pH levels i.e: the native pH of the fractions suspensions, pH5 and pH3. The graphs are the presentation of the interfacial tension as a function of time. These shows that interfacial tension decreases with the drop age fairly quickly at the beginning and slowly towards the end of the experiment as observed in previous experiments. At the same concentrations the interfacial tension decay for all the three fractions were closer at pH 3 and the native pH while at pH 5 the decay is significantly important (p ˂ 0.05) and differs from the first two pH levels.
The surface tension measured at the milli-Q water/n-dodecane interface 44.53 ± 0.08 mN/m was considered as the starting point of the surface tension decay during the drop ageing of protein suspensions. Being that surface tension decay with the drop age is the manifestation of the adsorption kinetics at the water/n-dodecane interface the fast decay within the first ~10 seconds means protein adsorption is faster within this period of time. Ward and Tordai (1946) stated that within the first instants of adsorption processes, the surface tension decay reflects adsorption solutes diffuse from the aqueous phase to the interface. The surface tension is reduced from its initial value (45.53± 0.08 mN/m) by almost 60% within ~10 seconds. Once the drop is formed, the free energy of the system reaches its highest value and the protein diffusion towards the interface (the tendency to lower the free energy) is accelerated both by the gravitational force (for pendant drop) and the acceleration brought about by the change in free energy of the system represented by the newly formed drop. This fast adsorption at interface during the dynamic surface tension measurement is one of the peculiarities of the dynamic surface tension measurement method as compare to the static method. Measurements are carried out on a freshly formed interface and during its ageing. The method seems to be closer to real colloid systems during emulsions formation which are not equilibrium systems. The needed property in colloids as far as surface active agents are concerned is not only their ability to adsorb at interfaces but also the rate at which the adsorption proceeds i.e: the rate of surface tension reduction in addition to the strength of the film formed at interfaces. Graham and Phillips (1979a) presented a general adsorption pathway with an interpretation dividing the molecular adsorption into different phases -diffusion of the molecules from the aqueous phase to the interface -penetration into interfacial layer by new molecules and development of an energy barrier opposing this process -and the rearrangement of adsorbed molecules by conformational modifications. This shows that the more the drop age is increasing the more the process of adsorption of new molecules to the interface is becoming difficult because of the creation of barriers by already adsorbed molecules and the need for the molecule to rearrange and change their conformations at interfaces. This may explain the fall of the slope of the graphs representing the surface tension decay kinetic (adsorption kinetic). Adsorption process thus the surface tension decay proceeds at speeds higher at the beginning (freshly formed drops) and progressively slows down as the above mentioned barriers are becoming stronger.
Initial rate of adsorption at the water/n-dodecane interface of the fraction suspensions at different pH levels (pH3, pH5 and native pH) and concentrations are presented in the table 1 below. It is expressed as the change of interfacial tension from its initial value (45.53± 0.08 mN.m-1.s-1) to the first value measured (about 10 seconds after drop formation) during drop formation. It is therefore an estimation of the interfacial tension reduction per unit time and expressed as the differential of the interfacial tension over that of the first measurement time (dγ/dt). This gives an idea on how fast the interfacial tension drops when the drop is formed. Initial adsorption rate increases with increasing concentrations for all the fractions and are higher at pH5 for all the fractions. At 0.5% the blue fraction (BSSP) shows the highest initial speed (2.04±0.03 mN.m-1.s-1) compared to the other two fractions, while at pH5 the green fraction shows the highest initial speed of interfacial tension reduction. Despite their closeness in surface behavior, the spirulina colored protein fractions response to pH variation appear different. This may be due to the differences in the pigment response to pH change and that may bring about different electrostatic barriers and thus influence the adsorption process differently.
Effect of concentration on the viscoelastic properties of spirulina colored protein fractions
The viscoelastic properties of the spirulina colored soluble protein fractions were evaluated at the water/n-dodecane interface during oscillation of the pendant drop when its interfacial tension become stable (γ = γe). The viscoelastic moduli and the equilibrium interfacial tension of the proteins aqueous solution at different concentrations are presented in table 2. For all the fractions the viscoelastic moduli and the equilibrium interfacial tension decrease when increasing concentration within the range of concentration tested.
The blue fraction appears to be more sensitive to concentration changes followed by the total fraction and the green fraction as far their viscoelastic moduli are concerned. This results is somehow contradictory to what we expected during our investigations. The viscoelastic modulus which is the expression of the viscosity combined with the elasticity of the liquid is rather expected to increase with increase solution concentration but surprisingly it decreases within the range of the tested concentrations. This results those not corroborate with that reported by Karamoko (2014) on proteose-peptone who reported an increase in viscoelastic modulus with increasing concentration.
On the other hand the total fraction equilibrium interfacial tension response to concentration changes is more important than that of the other two fractions. The equilibrium interfacial tension of all the three fractions also decreases with increasing concentration in protein of the tested suspensions. The higher the protein concentration, the more proteins adsorb to the interface and the less susceptibility they are to desorb back from the interface to the aqueous subphase due to the reduced concentration gradient between the interface film and the aqueous phase. At equilibrium, protein concentration at interface is therefore increases whith the increase of its concentration in the aqueous subphase.
Conclusion
Adsorption kinetics and interfacial viscoelastic properties of soluble proteins are the fundamental basis of surface active molecules at interfaces. Spirulina proteins considerably reduce interfacial tension, a condition necessary for the stabilization of emulsions in colloid systems which are thermodynamically unstable. The reduction in interfacial tension brought about by spirulina colored proteins will ease emulsion formation and enhance the stability of an emulsion. The viscoelastic properties of the monolayer films are also important parameters as far as the stability of an emulsion is concerned. They are one of the fundamental properties affecting the ability of the film to resist emulsion destabilization phenomena such as coalescence, flocculation and creaming. The stronger the film surrounding fat globules in an emulsion the more stable it is. Spirulina colored protein fractions appear to be less viscoelastic at higher concentration within the tested concentration range. Tests on a larger concentration range are needed for a better appreciation of the effect of spirulina protein concentration on the viscoelastic modulus of Spirulina protein in aqueous systems. 
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